Synthesis of Metal Complexes for Hydrolysis of Phosphodiester Bonds by Walker, Caroline H.
University of Redlands
InSPIRe @ Redlands
Undergraduate Honors Theses Theses, Dissertations, and Honors Projects
2008
Synthesis of Metal Complexes for Hydrolysis of
Phosphodiester Bonds
Caroline H. Walker
University of Redlands
Follow this and additional works at: https://inspire.redlands.edu/cas_honors
Part of the Biochemistry Commons, Inorganic Chemistry Commons, and the Medical
Biochemistry Commons
This work is licensed under a Creative Commons Attribution-Noncommercial 4.0 License
This material may be protected by copyright law (Title 17 U.S. Code).
This Open Access is brought to you for free and open access by the Theses, Dissertations, and Honors Projects at InSPIRe @ Redlands. It has been
accepted for inclusion in Undergraduate Honors Theses by an authorized administrator of InSPIRe @ Redlands. For more information, please contact
inspire@redlands.edu.
Recommended Citation
Walker, C. H. (2008). Synthesis of Metal Complexes for Hydrolysis of Phosphodiester Bonds (Undergraduate honors thesis, University of
Redlands). Retrieved from https://inspire.redlands.edu/cas_honors/51
Synthesis of Metal Complexes for the Hydrolysis of 
Phosphodiester Bonds 
Caroline H. Walker 
Advisor: Dr. J. Henry Acquaye 
In partial fulfillment for the graduation requirements of B.S. degree 
University of Redlands, 2008 
Abstract: 
Copper, Vanadium, Platinum, and Palladium metal complexes were synthesized 
through coordination with N-(2-aminophenol)-1-methyl-2-imidazole carboxaldeimine, a 
Schiff-base ligand. These metal complexes were characterized through the use of 
elemental analysis, UV -vis spectroscopy, and IR spectroscopy. Elemental analysis data 
determined that the proposed structure of the Cu(II) complex was not correct. The mass 
percent values did not fall within 5% of the values calculated from the proposed 
structure. No possible structures could be deduced from the experimental data. IR 
spectroscopic data showed a shift in the imine peak of the coordinated ligand from 1634 
cm-1 to 1625.7 cm- 1, indicating strong coordination through the imine nitrogen to the 
metal atom. Furthermore, the IR spectrum of the Zn(II) complex shows a disappearance 
of the broad bend assigned to the OH group in the ligand, indicating coordination through 
the phenolic oxygen of the ligand. The Cu(II), V(IV), Pt(II), Pt(IV), and Pd(II) 
complexes failed to show such indicative shifts in their IR spectra, thus their coordination 
patterns cannot be determined x-ray crystallographic data. Hydrolytic studies were 
conducted in order to determine if these metal complexes were capable of cleaving 
phosphodiester bonds. The results ofthese studies were inconclusive and require further 
study. The Cu(II) and Pt(II) complexes showed hydrolytic activity, but these studies 
were difficult to reproduce. A possible explanation is the lack of true catalytic activity of 
these complexes. 
2 
Introduction: 
Phosphodiesters form the backbone of both DNA and RNA, essential biological 
molecules that are genetic encoding material, as shown in Figure 1. The backbone 
formed by phosphodiester bonds is incredibly stable. Ordinarily, the half-life for 
hydrolysis of a DNA phosphodiester bond is on the order of billions of years. In fact, the 
stability imparted by the phosphodiester bonds is "an essential [requirement] for the 
survival and maintenance of life". 1 The remarkable stability of the phosphodiester bond 
is a result of the negative charge on the phosphate group. This negative charge repels any 
potential nucleophiles. 2'3 
(Ref: Wikipedia, http:iien.wikipedia.org/wiki/Phosphodiester bond, accessed 11119/07) 
Figure 1: Phosphodiester Bond Linkage of Amino Acids 
While stability is important, cells must maintain the ability to cut, repair, and 
destroy DNA. This ability allows the cell to repair DNA lesions, as well as control strain 
and overwinding during DNA production.4 Furthermore, the ability to destroy foreign 
DNA by hydrolytic activity is essential in fighting off attack by a virus or other foreign 
invaders.4 In the natural world under physiological conditions, the cell achieves this 
through enzymes and nucleases such as polymerases, recombinases, topoisomerases, and 
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reverse transcriptases that catalyze phosphoryl transfer reactions. 1'4 Enzymes and 
nucleases show a 1016 rate enhancement ofthe hydrolysis reaction over the uncatalyzed 
reaction under physiological conditions. 2 Many nucleases in the natural world utilize 
metal ions either in their structure or as a cofactor, although the exact role of the metal in 
the hydrolysis of the phosphodiester bond is not known. 5 Inspired by the natural role of 
metals as a cofactor, recent efforts have been made to design synthetic nucleases that 
mimic the role of these natural enzymes. One hope is that such efforts will help to further 
elucidate the mechanism by which metal ions promote hydrolysis of phosphodiester 
bonds. 
There are many potential applications for metalloenzymes (or synthetic 
nucleases). While their hydrolytic efficiency may never approach that of natural 
enzymes, their value lies in specific targeting ability that could be developed and 
exploited. Applications can be seen in the area of the development of conformational 
probes and in footprinting and sequence-specific targeting of nucleic acids. 3'4 Further use 
is seen in the expansion of antiviral therapy; a metalloenzyme could be designed to 
recognize and hydrolytically destroy a specific gene sequence.4 Possible value is 
envisioned in the development of antibiotic and chemotherapy agents if the hydrolytic 
agents could be designed to block gene-specific transcription. 4 This would potentially 
allow specific oncogenic mutations to be targeted and destroyed without interfering with 
healthy DNA and cells, as typical chemotherapeutic agents do.4 Clearly, the realm of 
synthetic metalloenzymes is a field worth further development. At this point, most 
research is focused on the functionality of the actual synthetic metalloenzymes (their 
structure, synthesis, rate, rate at various pH values, and mechanism of hydrolysis) rather 
than the development of specific applications. 
Oxidation is another method of destroying phosphodiester bonds; however, there 
is a specific reason that this research will focus on the hydrolysis of phosphodiester 
bonds. For the oxidative cleavage process to occur, the addition of an external agent is 
required. Typically this external agent is H20 2 or light.3 As many of the potential 
applications are primarily physiological, the necessary addition of one of these external 
agents presents a limitation. The free radicals produced in the process of oxidative 
cleavage can also interrupt the operation of the cell. 3'4 Generally, these free radicals are 
4 
non-diffusible and interrupt the normal operation of the cell. Furthermore, oxidative 
processes are radical based and deliver products that are lacking 3'- or 5'- phosphate 
groups; these products cannot be further altered by enzymatic manipulation, thus limiting 
their therapeutic potential.3 Conversely, hydrolytic cleavage produces fragments that can 
be religated and further altered chemically. Furthermore, hydrolytic cleavage does not 
require any coreactants, increasing its usefulness in drug design.3 
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Figure 2: The oxidative mechanism produces products that lack 3'- or 5'- phosphate groups6 
The mechanism for hydrolytic cleavage of the phosphodiester bond by a synthetic 
metalloenzyme is a topic that has been addressed by many authors. Whether the metal is 
a lanthanum series metal or copper, the basic mechanism appears to be the same-
intramolecular hydroxide attack on the metal bound phosphate. 2•4•5·7•8 An important 
component of the mechanism is the four-membered ring transition state. Most studies 
use bis(2,4) nitrophenylphosphate (BNPP) as a model phosphodiester compound. It is 
BNPP that is used as the model phosphodiester in the mechanism pictured in Figure 3. 
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Figure 3: Hydrolysis Mechanism 
This mechanism begins with the acid dissociation of the H20 molecule that is bound to 
the metal ion.7 The substrate (the model phosphodiester) then coordinates to the 
synthetic metalloenzyme in place of one of the bound water molecules . The hydroxide 
ion ligand formed in the initial acid dissociation step acts as a nucleophile and attacks the 
bound phosphodiester.6 This creates a four-membered ring transition state.7 Unstable, the 
phosphodiester releases one of its OR- groups (in this case, a nitrophenolate molecule). 
Finally, the phosphodiester itself is released from the metal and the metalloenzyme is 
regenerated. 7 
Hegg and Mortimore find evidence for the mechanism of intramolecular attack 
when they find that the rate of hydrolysis of the phosphodiester is at a maximum when 
the pH of the reaction is above the pKa of the H20 that is coordinated to the metal.2 This 
is further corroborated by Chin, et al in his studies of pseudolabile Co(II) complexes in 
6 
which the pH dependence of the rate of reaction was again consistent with the mechanism 
proposed in Figure 3.8 Hendry and Sargeson prepared phosphate esters coordinated to 
Co (III). Identification of a product of the initial deprotonation of one of the ligands 
allowed the authors to prove that the reaction proceeded via intramolecular nucleophilic 
attack. 7 
The choice of metal is important to the hydrolysis in two ways. It is important to 
remember that the metals making up these metalloenzymes are Lewis acids. The metal 
activates the H20 nucleophiles by lowering the pKa of the bound H20.4'7 By withdrawing 
electron density from the H20, the metal improves the likelihood that the H20 will be 
deprotonated. Then, in turn, this hydroxide group can attack the phosphodiester. 
Furthermore, the metal has the ability to stabilize leaving groups by withdrawing electron 
density from the phosphorous or by polarizing the P-0 bond.4 Typically, bimetallic 
complexes exhibit both of these effects; this is one reason that bimetallic complexes are 
usually more hydrolytically efficient than mononuclear complexes.4 
While the metal plays an important role in the rate-determining aspects of the 
hydrolysis of the phosphodiester, it is important to remember that reactivity of the 
metalloenzymes is controlled in part by the nature and structure of the ligand complexed 
with the metal. In complexes with tridentate ligands, the bound water molecule has a 
higher Ka value than it does with a tetradentate ligand; this suggests that the tetradentate 
ligand reduces the Lewis acidity of the metal ion. 7 That is, it is somehow donating some 
of its electron density to the metal center. This, in turn, reduces the ability of the metal 
center to accept some of the electron density of the bound water molecule. This should 
mean that metal complexes with tridentate ligands are not as effective at hydrolyzing 
phosphodiester bond, but research has proven just the opposite. Typically, synthetic 
metalloenzymes complexed to tridentate ligands have higher rates of hydrolysis than 
those complexed to tetradentate ligands. 7 Koike determines that the difference in 
reactivity between metalloenzymes complexed with tetradentate ligands and those 
complexed with tridentate ligands is that the by occupying four binding sites, the 
tetradentate-coordinated metalloenzyme leaves little room for interaction with the 
phosphodiester. 8 This hypothesis makes particular sense when one considers the role of 
the four-membered ring in the hydrolysis mechanism. Chin, et al determined that 
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increasing N-Co-N bond angles in Co(II) complexes results in an increased rate of 
hydrolysis due to a more stable four-membered ring transition state.9 Bonfa further 
confirms these two scientist's works when he compares the reactivity of two complexed 
Zn compounds. Bonfa finds that the Zn metal complex bound to the ligand A is three 
times more reactive than the Zn complexed to ligand B (Figure 4).7 The significant 
difference lies in the fact that the ligand in A has a facial coordination mode that allows 
enough room for the substrate to bind in the four-membered ring transition state. 7 
1\ 
CNH HNJ NH HN 
\___/ 
Ligand A Ligand B 
Figure 4: Comparison of Two Ligands 
It was further shown that positively charged amine ligands slowed the rate of 
hydrolysis. 4 Thus, this type of ligand should be avoided. Finally, the ligand should 
complex with the metal center such that two cis-oriented coordinated sites are created. 10 
This allows the phosphodiester substrate to bind to the metal center and provides room 
for the four-membered ring intermediate. 
The question brought to mind is what kind of structure would the ideal 
metalloenzyme have? First, one would want the synthetic metalloenzyme to have a metal 
center capable of binding a water ligand that can ionize to generate a hydroxide. As an 
electron acceptor, a good Lewis acid is an appropriate choice for this role. Cu, Zn, 
Lanthanide series metals, Pt, and V are all good Lewis acids and thus good choices for 
metal centers. Furthermore, this metal center should be capable of rapid ligand exchange 
for the purpose of good catalytic turnover. 4 The ligand substitution rate is dependent on 
the ligand field stabilization energy. The ligand field stabilization energy produces an 
activation barrier to ligand exchange.4 One study showed that increased ionic strength 
decreased the rate ofhydrolysis.4 
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Much of the current research has focused on the ability of Cu to cleave 
phosphodiester bonds. Part of this interest stems from the known ability of Cu ions to 
bind to DNA.3 Copper is also able to oxidatively cleave DNA in the presence ofH20 2 or 
0 2 as in the case of bis( 1,1 0 phenanthroline) copper(!) cation. 3 Copper is a good Lewis 
acid, a necessary requirement for a good metalloenzyme. 
The purpose of this research is to develop novel metalloenzymes using Cu, Pt, V, 
Pd, and Zn. Metals with both + 2 and +4 oxidation states will be used to explore the 
effects of higher oxidation state on the hydrolysis of the phosphodiester bond. The metal 
complexes composed of metals with a higher oxidation state should have a hydrolytic 
advantage due to the increased strength of the M-0 bond. The increased strength of this 
bond should decrease the strength ofthe 0-H bond of the aqua ligand, making the first 
step of the hydrolysis mechanism proceed more easily (Figure 3). Once the metal 
complexes have been synthesized, studies will be conducted to determine whether these 
metalloenzymes have the capability to hydrolyze a phosphodiester bond. BNPP presents 
an ideal way to model this reaction. Similar to DNA, BNPP has phosphodiester bonds 
with a half-life that can be measured in years at physiological pH. 11 Upon hydrolysis, the 
phosphodiester bond yields a yellow nitrophenolate product, as shown in Figure 5.4 
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Figure 5: Hydrolysis of BNPP 
Detection of this product can be achieved in two different ways. One method is to use 
HPLC to detect the nitrophenolate product.8 Another method is to use UV-vis 
9 
spectrometry; this is possible because nitrophenolate absorbs at a characteristic 
wavelength ofAmax=400 nrn.3 UV-vis spectroscopy is the simpler and more direct 
method of determination as the chromatic separation of the products of the hydrolysis is 
mmecessary. Ideally, none of the metal complexes will absorb area of 400 nrn so as not 
to interfere with the detection of the nitrophenolate product, allowing accurate detection 
of the nitrophenolate ion. 
The proposed ligand for the complexation for this research is a Schiff base. A 
Schiff base is a functional group that contains a carbon-nitrogen double bond with the 
nitrogen connected to an aryl or an alkyl group. A Schiff base is formed by the 
condensation reaction between an amine and an aldehyde. 
toluene 
+ 
l-methyl-2imidazolecarboxaldehyde 2-aminophenol 
+ 
Figure 6: A Schiff Base is formed through the reaction of an aldehyde and an amine to form a 
carbon-nitrogen double bond (an imine bond). This is achieved through a dehydration reaction. 
Franklin found that Schiffbases were one of the most effective ligands with which to 
chelate metal ions. 4 The electron pairs of the oxygen and nitrogen atoms allow for 
tridentate coordination with the metal atom, imparting stability. N -(2-arninophenol)-1 -
methyl-2-irnidazole carboxaldeimine was chosen as the ligand for this research because it 
has not been used in the coordination of metal complexes previously. 
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Materials: 
The 1-methyl-2-imidazole-carboxaldehyde 98 %, bis( 4-nitrophenyl)phosphate 99 
%, vanadyl sulfate hydrate 99.99+%, palladium(II) bromide 99 %, platinum(II) chloride 
98%, 2-aminophenol 99%, and ammonium hexafluorophosphate 99.99% were all 
obtained from Aldrich. The cupric(II) chloride dihydrate was purchased from the J. T. 
Baker Chemical Company. 
Equipment: 
FT-IR spectroscopy of materials was performed with a Jasco 610 FT-IR 
Spectrometer with a resolution of 4 em -l. Scans were performed from 3500 cm-1 to 650 
cm-
1 
with zero-filling turned off. UV -visible spectroscopy of materials was performed 
with a Jasco V-530 UV-visible Spectrometer. This instrument features a single 
monochromator and silicon photodiode detector with a range of 190-11 00 nm. The 
bandpass was set to 2 nm. The scan speed was set to 2 nm. Scans were performed in the 
range of 250-600 nm in quartz cuvettes. The software utilized for spectra interpretation 
was SpectraSuite manufactured by Jasco. A Varian EM360L 60 MHz FT-NMR was 
used in the collection of proton-decoupled NMR spectra. 
Synthesis of ligand, N-(2-aminophenol)-1-methyl-2-imidazole carboxaldeimine: 
The ligand used to complex the metals in this research was synthesized through 
the dehydration reaction of 1-methyl-2 imidazole-carboxaldehyde and 2-aminophenol 
(Figure). The aminophenol was dissolved in anhydrous toluene and the 1-methyl-2 
imidazole-carboxaldehyde quickly added. The reaction vessel was connected to a Dean's 
apparatus and a condenser. As the reaction was heated and H20 produced, the water was 
collected in the bottom of the collection tube. The reaction was allowed to reflux 
overnight. This technique helped to continue to push the reaction to completion. 
The orange solution was rotovapped to dryness. The solid was dissolved in a 
minimal amount of dichloromethane (DCM) and re-precipitated with hexane. The 
precipitate was allowed to settle out of solution overnight. The orange precipitate was 
filtered, washed with hexane, and allowed to dry. Analysis of the product was 
performed using IR and NMR spectroscopy as well as elemental analysis. 
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toluene 
+ 
1-methyl-2imidazolecarboxaldehyde 2-aminophenol 
HO 
+ 
Figure 7: N-(2-aminophenol)-lmethyl-2-imidazole carboxaldeimine is synthesized by the dehydration 
reaction of 1-methyl-2imidazolecarboxaldehyde and 2-aminophenol. 
Synthesis of Pt(IV) Complexes: 
2 ml ofH2PtC1·6H20 (5% w/v) was added to the reaction vessel followed by 0.5 
g N-(2-aminophenol)-1methyl-2-imidazole carboxaldeimine produced from the synthesis 
above (dissolved in 40 mL CH30H). The addition continued until the precipitate 
appeared to stop forming. The solution changed from yellow to orange getting darker as 
stirring was continued. The solution was stirred for twenty minutes and left overnight. It 
was rotovapped down to a few mL and vacuum filtered. The brownish-black precipitate 
was washed with H20 and air-dried. 
The complex was characterized with UV -visible spectroscopy and IR. 
Synthesis ofPd(II) Complexes: 
PdBr2, 0.1340 g, was dissolved in 40 mL of methanol, by heating. The reaction 
was performed using a 1:1 ratio of ligand to metal. 0.1000 g of ligand was dissolved in a 
12 
minimal amount (:::::;17 mL) of CH30H to minimize reaction volume. The ligand solution 
was added to the PdBr2 solution. An immediate color change was noted as the brown 
solution turned red and finally to purple over time. The solution was refluxed for 
approximately 30 minutes. The solution was rotovapped to reduce the volume to a few 
mL. The resulting solution was filtered by vacuum filtration and the precipitate was 
washed with small amount of cold methanol. The precipitate was deep red-purple in 
color. 
Synthesis of Cu(II) Complexes: 
0.0905 g CuCh·2H20 was dissolved in 30 mL CH30H to form a green solution. 
0.1357 g ofligand was dissolved in 10 mL CH30H. While the CuClz solution was 
stirred, the ligand solution was added dropwise. The solution became an orange-brown. 
Stirring was stopped after 20 minutes and the solution was allowed to settle for at least 
one night. 
The product was filtered and washed with a small amount of CH30H and allowed 
to dry. 
Synthesis of Zn(II) Complexes: 
0.3280 g of Zn(CH3COO)z-2Hz0 was dissolved in 20mL of CH30H to form a 
clear and colorless solution. 0.3008 g of ligand was dissolved in methanol. The Zn2+ 
solution was stirred and the ligand solution was added dropwise via pipet. Stirring was 
continued for 30 minutes. The solution turned orange and formed a flaky precipitate. 
The solution was allowed to sit overnight before filtering. 
The yellow precipitate was vacuum filtered, washed with a small amount of 
CH30H, and allowed to dry. 
Synthesis ofPt(II) Complexes: 
0.2096 g PtCb was dissolved in 47 mL ofCH30H to create a brown solution. 
This solution was stirred and heated. 0.1585 g of ligand was dissolved in a minimal 
amount (::::;10mL) ofCH30H. The ligand solution was added to the PtCb solution. An 
immediate color change was noted as the solution began to attain a light green tinge. The 
13 
solution remained opaque but seemed to become less cloudy in the next few minutes. 
Finally, it turned to a murky green color. The solution was stirred and refluxed 
overnight. The solution was filtered and washed with a minimal amount of CH30H. 
Synthesis of V(IV) Complexes: 
0.0810 g of the relatively insoluble VOS04-H20 was dissolved in 80 mL CH30H 
to form a light blue solution. 0.1005 g of ligand was dissolved in 12 mL ofCH30H. As 
the ligand solution was added to the voso4 solution, the color immediately changed to 
dark brown. The solution was stirred for ten minutes and then left overnight. 
In an effort to grow crystals, the solution was rotovapped to dryness and the solid 
mass dissolved in a minimal amount of CH30H. This solution was subjected to column 
chromatography using 180-200 mesh alumina and 5% CH30H in DCM as eluent. The 
column was packed using DCM. A green solution was collected off the column and 
allowed to sit in the hood for several days. Because no crystals formed, ammonium 
hexafluorophosphate was added dropwise to the solution. No immediate precipitate was 
noted, but after several days of letting the solution evaporate a small amount of 
precipitate was noted. 
Preparation of N-2-Hydroxyethylpiperazine-N' -2-ethanesulfonic acid Buffer: 12 
The HEPES buffer was prepared at25 octo be used at 50 °C. 1.191 g ofHEPES (N-2-
Hydroxyethylpiperazine-N' -2-ethanesulfonic acid) free acid was dissolved in 
approximately 450 rnL ultrapure water. 10.994 g NaCl was dissolved. The pH was then 
adjusted to 7. 75 using aqueous KOH. Using volumetric glassware, the volume was 
made up to 500 mL. 
Hydrolysis Studies: 
1.0 mM his( 4-nitrophenyl)phosphate (BNPP) solutions were made in HEPES 
buffer. These solutions were not stored for longer than two weeks as they tended to 
degrade. 0.2 mM solutions were made of the metal complexes. These solutions were 
stored in plastic bottles so as to minimize changes in metal concentrations that might 
occur from long-term storage in glassware. The solutions were used within 10 days. 
14 
For the hydrolysis studies, equal volumes of the metal solution and BNPP 
solution were combined. Within the first 5-30 minutes, an initial scan was taken from 
250-600 nm. Quartz cells with a pathlength of 1 em were used. Scans were repeated 
each day to observe any peak formation at 400 nm. HEPES buffer solution was used as 
the blank. 
15 
Results and Discussion: 
Synthesis of the ligand, N-(2-aminophenol)-Jmethyl-2-imidazole carboxaldeimine: 
This synthesis resulted in a dull, orange product with a 72.42% yield when 
produced in the solvent toluene. An IR spectrum of the ligand reveals a peak at 1635.34 
cm-
1 (Figure). In Schiff base ligands, such a band is usually due to an imine group. 13 
Upon comparison to IR spectra ofthe starting reactant, 2-aminophenol and 1-methyl-2-
imidazole carboxaldehyde, it is seen that there are no comparable peaks in this region. 
This is further indication that this peak is indeed due to a C=N bond. Further verification 
of the synthesis of the ligand is indicated by the disappearance of the primary amine 
peaks that can be seen in the spectrum of2-aminophenol (Figure). Finally, the carbonyl 
peak that is visible at 1664.34 cm-1 in the spectrum of 1-methyl 2-imidazole 
carboxaldehyde (Figure 10) is not present in the spectrum of the ligand (Figure 8), 
indicating a excellent purity of the final product. 
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Figure 8: IR Spectrum ofN-(2-aminophenol)-lmethyl-2-imidazole carboxaldeimine. Note the imine 
peak at 1635.34 cm-1 (peak #2). 
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Figure 9: IR spectrum of reactant 2-aminophenol. Note the primary amine peaks at approximately 
3400 cm-1• These peaks are not seen in theIR spectrum of the ligand. 
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A proton NMR of the ligand revealed two distinct peaks and one peak that 
appeared to be a result of mixing of signals from several protons (Figure). The proton 
attached to the imine group is the most deshielded. Accordingly, it appears furthest 
downfield at approximately 8.7 ppm. Similarly, an NMR of the 1-methyl-2-imidazole 
carboxaldehyde shows that the aldehyde proton is very far downfield at approximately 
9.8 ppm (Figure). The other well-defmed peak in the ligand NMR appears at 
approximately 4.1 ppm. Because it appears so far upfield, this peak is probably best 
assigned to the methyl group on the ligand. To further confirm assignment of this group, 
integration values can be used. The integration value assigned to this peak by the 
instrument is 1.35; by setting the integration value of the imine peak to one, the number 
of hydrogens assigned to this peak is determined to be approximately 3.15. This 
correlates well to the 3 hydrogens contained on a methyl group. The final peak on the 
NMR spectrum of the ligand is not well resolved. It appears at approximately 7 ppm. It 
seems that the signals for the aromatic hydrogens and the hydroxyl hydrogen are mixed 
in this region. The integration value confirms this. By again setting the integration value 
for the imine peak to one, the number of hydrogens corresponding to this broad peak is 
7.3. The number of hydrogens contained in the aromatic rings and in the hydroxyl group 
is 7. The fact that this peak at approximately 7 ppm is a combination of the aromatic 
rings is confirmed by examining an NMR of 1-methyl-2-imidazole carboxaldehyde. This 
spectrum (Figure 12) shows two peaks at 7.267 and 7.128 ppm that can be assigned to 
the two aromatic hydrogens. 
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For further confirmation ofthe structure of the ligand, elemental analysis studies were 
conducted. The results (Table 1) revealed that the percent mass carbon, hydrogen and 
oxygen were all within an acceptable range (±5 %). Thus, the proposed structure is in 
excellent agreement with the experimental results. 
Theoretical IExperimental14 % Difference 
%Carbon 65.69% 64.61% -1.64% 
%Hydrogen 5.47% 5.24% -4.20% 
%Nitrogen 20.88% 20.18% 3.35% 
Table 1: Elemental Analysis data for N-(2-aminophenol)-1-methyl-2-imidazole carboxaldeimine 
Cu Complex Synthesis: 
+ 
+ HCI 
Stir at RT c1,l 
C·J--/ \ 
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Figure 13: Synthesis and Proposed Structure of Cu(II) Complex 
CuCh was reacted with the tridentate ligand while stirring. Attempts were made 
to grow crystals large enough for the purpose of x-ray crystallographic studies on several 
occasions. Refrigeration did not yield larger crystals. Column chromatograohy was used 
in an effort to purify the solutions to make crystal growth easier. The Cu complex 
solution was re-dissolved in methanol and subjected to column chromatography using 
alumina (180-200 mesh) as stationary phase and dichloromethane (DCM) as an eluent. 
No crystalline solids were obtained from any of the fractions. Various proportions of 
DCM/methanol were used as eluent, but no crystals resulted. 
In cases where the copper complex synthesis produced crystals the yield was 
extremely low (41.25%). The resultant crystals were small and black. These crystals 
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were too small in size for X-ray crystallographic analysis that could have been used to 
confirm the hypothesized structure shown in Figure 13. 
Suja, et al. prepared a polystyrene supported Schiff base (PSOPD) complexed to 
several different metals. IR peak assignments were made for both the Schiff base and the 
metal complex as shown in Table 2. Note that the imine peaks have been shifted by 
approximately 10-20 cm-1. 
Compound Imine C=N strech (cm-1) 
PSOPD 1650 
CoPSOPD 1635 
NiPSOPD 1640 
CuPSOPD 1626 
Table 2: Peak Assignments for Schiff Base and metal complexed Schiff base. Note that the imine 
peak shifts 10-20 cm·1 from the Schiff base to the metal complexed Schiff base 
100 
90 '" 
%T 80 -
70 
Figure 14: IR spectrum ofCu(II) Complex. Peak #2 occurs at 1579.41 cm·1• The shift from the 
ligand imine peak at 1634 cm·1 to 1579.41 cm·1 indicates that the metal atom is not strongly bound 
through the imine nitrogen. 
If the Cu atom were strongly coordinated by the imine nitrogen, the imine 
vibration that appears in the ligand would be expected to be shifted to a lower frequency 
by approximately 10-20 cm·1 . 13 ' 15' 16 Because the nearest peak to the imine peak in the 
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ligand occurs at 1579 cm- 1, it cannot be determined ifthe ligand is indeed coordinating 
through the imine nitrogen. 
Similarly, elemental analysis studies do not support the proposed structure shown 
in Error! Reference source not found.. While the results of the elemental analysis (Table 
3) show that the percent carbon and hydrogen are within acceptable ranges (±5 % ), as 
determined by the proposed structure, the percent nitrogen and copper deviate. Several 
alternate structures, including dinuclear structures, were proposed but none gave any 
better correlation to this data. For accurate structure determination, x-ray 
crystallographic studies are needed. 
Theoretical Experimental % Difference 
%Carbon 39.47% 37.77% -4.31% 
%Nitrogen 12.55% 11.20% -10.75% 
%Hydrogen 3.01% 3.11% -3.32% 
%Copper 18.98% 27.0% +42.3% 
Table 3: Elemental Analysis data for Cu(II) Complex 
Figure 15: UV-Vis spectrum ofCu Complex Crystals in H20 
Solvent Peak 1 (nm) Peak2 (nm) Peak3 (nm) 
H20 442 341 261 
CH30H 463 344 266 
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Table 4: The Amax values for Cu(II) complex change depending on the solvent 
The UV-Visible spectrum of the Cu(II) complex reveals a pattern of three peaks 
(Figure 15). This pattern of three peaks occurs whether the spectrum is taken in water or 
methanol. In water, the three Amax values occur at 261 nm, 341 nm, and 442 nm (Figure 
15). These peaks are the results of n-7 n* and metal to ligand transitions. The peak at 
442 nm is most probably a result of a metal to ligand transition or possibly d-d splitting; 
the energy of this transition is affected by solvent polarity, which is typical for metal to 
ligand transitions (Table 4). 17 Solutions of this complex could only be used for <10 days 
due to degradation. After > 10 days, the Amax values of the solution began to change. 
Generally, only one broad peak would appear on the UV-Vis spectrum (Figure 16). 
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Figure 16: Spectrum of Cu(II) complex solution preserved for >10 days 
Pt(IV) Complex Synthesis: 
HO 
("N--CH, 
r==) 
CI-Pt--N 
I 
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Figure 17: Synthesis and Proposed Structure of Pt(IV) complex 
2+ 
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The Pt4+ from H2PtC16·H20 ions are complexed by the tridentate ligand (Figure 
17). The electronic transition that occurs upon binding is witnessed by a color change in 
the solution during complexation from yellow to an orange-brown. When the the ligand 
solution is added to the H2PtCkH20 solution, a precipitate immediately forms; thus, no 
crystals could be grown for X-ray crystallographic studies. Overall, the synthesis has an 
extremely low average percent yield of 10.22 %. 
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Figure 18: IR Spectrum ofPt(IV) Complex 
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TheIR of the Pt(IV) complex shows a peak at 1577.49 cm·1, but this frequency is 
below what one would expect for an imine nitrogen that is strongly coordinated to a 
metal compound (Figure 18). 13 ' 15•16 Thus, the nature ofthe metal's coordination to the 
ligand cannot be determined. 
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Figure 19: UV-Vis spectrum ofPt(TV) complex 
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A UV-Vis spectrum of the Pt(IV)complex reveals two large peaks at Amax=358 run 
and 269 nm (Figure 19). These peaks are the result of n:~ n:* and metal to ligand charge 
transfer transitions. 17 These peaks achieve better resolution with increased washing 
during the filtration process. 
Compound A1 (nm) Az (nm) A.3 (nm) 
Cu(II) complex 266 344 463 
Pt(IV) complex 269 358 
Pd(II) complex 319 526 
Pt(II) complex 279 216 370 
V(IV) complex 289 345 444 
Zn(II) complex 336 444 
Table 5: UV-vis spectral Data of Metal Complexes 
Pd(II) Complex Synthesis: 
HO 
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Figure 20: Synthesis and Proposed Structure ofPd(II) Complex 
The synthesis of the Pd(II) complex results in a bright cranberry red powder. The 
percent yield of the Pd(II) complex is on average 62.88 %. 
The IR spectrum of the Pd(II) complex reveals a peak at 1631.48 cm-1. The peak 
at 1631.48 cm-1 could be a result of the imine bond. If this peak is a result of the imine 
bond, then it would mean that the imine nitrogen does not strongly coordinate to the Pd 
atom. If it did, then one would expect this peak to be shifted to a slightly lower 
frequency. 13' 15' 16 
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Figure 21: UV-Vis spectrum ofPd(II) Complex 
UV-visible spectra of the Pd(II) complex in methanol reveals two peaks (Figure 
21). The first peak appears at 319 nm and is the most intense. The second peak appears 
at 526 nm and is about 2/3 less intense than the peak at 319 nm. These peaks are the 
result of n~ n* and metal to ligand charge transfer transitions. 17 
Zn(JI) Complex Synthesis: 
HO 
+ [)___/--b 
N H 
I 
l CH3 
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Figure 22: Synthesis and Proposed Structure of Zn(II) Complex 
The synthesis of the Zn(II) complex resulted in a 99.24 % yield of a yellow 
precipitate. With an overall charge of+ 1, the Zn complex is precipitated as a salt (Figure 
22). 
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Figure 23: IR Spectrum of Zn(II) complex reveals a shifting of the imine peak from its location in the 
ligand at 1635.34 cm·1 to 1625.7 cm-1, a shift of9.64 cm-1• The spectrum also shows a disappearance 
of the broad OH band that appears in the ligand. 
TheIR spectrum of the Zn(II) complex reveals a peak at 1625.7 cm·1 (Figure 23). 
This peak could be indicative of an imine bond in the metal complex. Furthermore, the 
shifting ofthis peak from approximately 1635 cm·1 in the ligand to 1625.7 cm·1 could 
indicate that the ligand binds strongly to the Zn atom through this imine nitrogen. 13' 15,16 
The disappearance of the broad band assigned to the OH group in the ligand may indicate 
that the Zn atom is also coordinated to the ligand through the phenolic oxygen of the 
ligand. 18 
A UV -vis spectra of the Zn(II) complex taken in water reveals two peaks, one at 
288 nm and one at 428 nm (Table 5). These peaks are the results of the result of n-7 n* 
transitions .17 
Pt(II) Complex Synthesis: 
PtCI2 + 
("N---CH, 
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Figure 24: Synthesis and Proposed Structure of Pt(II) Complex 
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The synthesis of Pt(II) complex was very difficult and only attempted two times 
(Figure 24). The initial synthesis produced no visible precipitate, but when the solution 
was rotovapped to dryness, a solid appeared on the sides of the reaction vessel. 
Unfortunately, this solid was nearly impossible to scrape off. To get the precipitate out 
of the vessel, the precipitate had to be dissolved in relatively large amounts of solvent. 
Several attempts were made to grow crystals . Refrigeration of the solution 
shortly after the reaction with the ligand was unsuccessful. Several attempts were made 
at coltunn chromatography to further purify the product. The complex was dissolved in 
methanol, a packed column prepared with 180-200 alumina mesh, and the complex eluted 
with DCM. No crystals were grown from the resulting fractions. It was noted that a 
great amount of product seemed to have been lost during this process. 
If the Pt(II) complex were strongly coordinated through an imine ligand, one 
would expect the imine vibration in the ligand IR to be shifted to a slightly lower 
vibration in the metal complex. 13' 15,1 6 However, this is not the case. The nearest 
vibration to 1634 cm-1 is 1598 cm-1. Thus, it is impossible to say how the metal complex 
is coordinated to the ligand with x-ray spectroscopic studies. 
The UV-Visible spectrum of the Pt(II) complex shows a broad peak with three 
smaller peaks as well as one less intense peak at 569 nm (Table 5). The broad peak has 
three maxima at 34 7 nm, 315 nm, and 280 nm. These peaks are the results of the result 
of n-7 n* and ligand to metal charge transfers. 17 
V(JV) Complex Synthesis: 
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Figure 25: Synthesis and Proposed Structure ofV(IV) Complex 
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The synthesis of the V(IV) complex, as shown in Figure 25, resulted in a small 
amount of black solid. In an attempt to purify the product of the reaction to make 
crystallization easier, column chromatography was utilized. These attempts failed to 
produce crystals. 
TheIR spectrum of the V(IV) complex shows little vibrational fine structure, 
making it difficult to interpret. The spectrum does not show at peak in the vicinity of 
1634 cm-1 which would indicate the coordination of the metal atom through the imine 
nitrogen. 13 •15•16 
The UV-Visible spectrum of the V(IV) complex shows two peaks, one at 442 nm 
and one at 289 nm (Table 5). These peaks are the results of the result of n-7 n* and 
metal to ligand charge transfer transitions. 17 
Initial Hydrolysis Studies: 
Confirmation of the hydrolysis reaction depended on the ability to detect the 
presence ofthe nitrophenolate product. This was done by UV-Visible spectroscopy. 
Nitrophenolate absorbs strongly at 400 nm. 
Early in the studies, some success was achieved in detecting the nitrophenolate 
product of this hydrolysis reaction. It appeared that indeed these synthetic 
metalloenzymes were capable of cleaving a phosphodiester bond. One such reaction 
occurred with a sample of Cu(II) complex and a non-quantitative amount of BNPP. At 
24 hours, a small peak can be seen at 400 nm. However, this peak is not visible at 48 
hours. 
This same method of dissolving both the samples and BNPP in methanol was 
used again. In an attempt to be a bit more quantitative, the BNPP was mixed to a known 
concentration of 0.025 M. A peak at 398 nm was seen for the Cu(II) complex at 24 hours 
(Figure 27). This peak is seen again at 48 hours (Figure 28). The peak at 400 nm is 
indicative of the nitrophenolate ion, a sign that hydrolysis of the phosphodiester bond has 
occurred. Unfortunately, the relative absorbances of these peaks at 400 nm cannot easily 
be compared to each other because the samples had to be diluted several times for 
analysis by the UV-Visible spectrometer. This was a result of the overwhelming 
intensity of the peak at 285 nm, which is characteristic of BNPP. 
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Figure 26: The initial spectrum ofCu(II) complex and 0.025 M BNPP in methanol clearly reveals 
that a reaction has taken place. The distinctive pattern of three peaks seen in the UV-vis spectrum of 
the Cu(II) complex is no longer visible 
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Figure 27: Cu Complex and BNPP in methanol after 24 hours. A peak at approximately 400 nm 
indicates production of the nitrophenolate ion has occurred. This process is indicative of hydrolysis. 
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Figure 28: Cu Complex and BNPP in methanol after 48 hours. A peak at approximately 400 nm 
indicates production of the nitrophenolate ion. This process indicates that hydrolysis of the 
phosphodiester bond has occurred. 
Similar data was collected for a sample of Pt(II) complex. A solution of 0.025 M 
BNPP was combined with a small amount of Pt(II) complex (Figure 29). At 24 hours 
and 48 hours, small peaks were seen at 396 nm and 398 nm, respectively. Additionally, a 
slight yellow tinge was noted in the solution. This yellow color is characteristic of the 
nitrophenolate product of the hydrolysis product.4 
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Figure 29: Scan of Pt(II) complex and 0.0025 M BNPP after 24 hours 
Many studies by previous authors used a buffer as solvent for the materials.5 In 
response, an analysis was repeated with the Cu(II) complex dissolved in TRlS buffer 
solution and the BNPP dissolved in methanol, as shown in Figures 30 and 31. Although 
clearly some sort of reaction has happened, as reflected by the change in spectrum, there 
was no peak at 400 nm. There is the possibility that the hydrolysis reaction was resulting 
in a product related to the nitrophenolate product that doesn't absorb at 400 nm; however, 
it is more likely that the large peak characteristic of BNPP at 285 nm was simply flooding 
out the peak at 400 nm. Attempts to scan the solutions from 350 nm-650 nm were also of 
no avail simply because of the broadness and strength ofthe BNPP peak at 285 nm. 
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Figure 30: Initial Spectrum ofCu(II) Complex and BNPP in TRIS Buffer 
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Figure 31: Spectrum of Cu(Il) complex and BNPP in TRIS buffer five days after initial mixing 
Previous studies suggested that these hydrolysis reactions should be run at 
temperatures above room temperature? 2 mL of 0.005 M (in methanol) Cu(II) complex 
solution was combined with 0.25 mL of 0.025 M (in methanol) BNPP solution. This 
solution was heated at 50 oc for one hour. There was neither a color change in the 
solution, nor was there a peak in the UV -visible spectrum at 400 nm 
Next, an attempt was made to replicate the concentrations used by authors Deck, 
et al. 19 In addition to carefully controlling the concentration ofBNPP and metalloenzyme, 
these authors used BNPP as the blank in UV-Visible spectrum studies in order to avoid 
having the larger interference from the peak at 285 nm. Using the concentrations of 1.0 
mM BNPP and 0.2 mM Cu(II) complex, a color change from brown to yellow was 
clearly seen in the solution after 24 hours, however no peak at 400 nm was detected 
(Figure 32). 
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Figure 32: 1.0 mM BNPP and 0.2 mM Cu(II) complex 4 days after mixing. Although the solution has 
turned yellow, no nitrophenolate peak at 400 nm is detected. A peak is detected at 437 nm. 
A pH test of the metal solutions determined that the metal solutions are very 
acidic. The 0.2 mM Cu(II) complex has a pH of approximately 2.5. This means that the 
nitrophenolate ion that is the product of the hydrolysis reaction will be immediately 
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protonated. This protonated molecule does not produce a peak at 400 nm. Thus, a buffer 
solution was utilized to dissolve both the metal complex and the BNPP. The Pt complex 
was not soluble in aqueous solution; therefore, it was not tested. 
Solutions of the metal complex and BNPP were made up at concentrations of 
0.0025 Min HEPES buffer. The BNPP solution had to be diluted because the solution 
was too concentrated to get a reading on the UV-vis spectrometer. The solution was 
diluted to 5 x 1 04 M. Peak changes indicate that a reaction has occurred; nonetheless 
there is no peak at 400 nm indicating production of the nitrophenolate product indicative 
of hydrolysis (Figure 34). Even with heating at 50 oc for one hour (Figure 35), 
detection of the nitrophenolate ion failed in all of the metal complex solutions. 
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Figure 33: Initial scan of Pd(II) complex and BNPP both dissolved in HEPES buffer 
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Figure 34: Pd(II) complex and BNPP both dissolved in HEPES buffer 6 days after mixing 
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Figure 35: Pd(II) complex and BNPP both dissolved in HEPES buffer 6 days after mixing with 1 hr 
of heating at 50 °C 
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There are several possibilities for the results of these hydrolysis trials. One 
possibility is that the mechanism for the hydrolysis is not catalytic. In this scenario, the 
complex breaks down after producing the phenolate ion or is not able to release the 
phosphoester after the nitrophenolate is released. This means that the metal complex is 
not regenerated and the hydrolysis cycle cannot continue due to the lack of complex. A 
low concentration of phenolate ion could be difficult to detect and would explain the lack 
of peaks at 400 nm in the UV -vis spectra. 
A possible problem is using buffer solution could be that although it prevents the 
phenolate ion from becoming protonated it slows the first deprotonation step in the 
reaction mechanism. It might have slowed it to a point that these reactions took longer 
than the 2-5 day window in which they were observed. Considering, however, that the 
pH of the buffer was only 7.5, this is doubtful. Furthermore, other studies were 
successful using this same pH. 19 
Another possibility is that the square planar complexes, as suggested by the 
proposed structures of the Pt(II), Pt(IV), Pd(II), V(IV), and Zn(II) complexes may not 
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allow for hydrolysis because they lack two cis-oriented coordination sites. The 
mechanism shown in Figure 3 clearly shows the need for two open sites. However, in 
their standard state, square planar complexes only offer one open cis site. In support of 
this, DeRosch and Trogler find that Pd(II) and Pt(II) complexes exhibit greater hydrolytic 
activity when bound to bidentate ligands. 5 This is especially true for Pd(II) complexes 
due to the greater kinetic lability of Pd(II) over Pt(II). 5 If the hydrolytic activity were 
sufficiently small, the amount of nitrophenolate ion produced by this reaction would be 
small and therefore difficult to detect by UV-vis spectrometry. This does not, mean, 
however that hydrolysis by square planar complexes is not possible. Square planar 
complexes often involve a five-ligand transition state which would allow for the 
necessary two cis coordination sites. Furthermore, as seen in Figure 29, the Pt(II) 
complex is capable of hydrolysis despite its proposed square planar structure. 
Conclusions: 
In the interest of synthesizing novel metal complexes, N-(2-aminophenol)-1-methyl-2-
imidazole carboxaldeimine, a Schiff base was synthesized from the reaction of 1-methyl-
2-imadazole carboxaldehyde and 2-aminophenol. The compound was analyzed using IR 
spectroscopy, NMR spectroscopy, and elemental analysis. These analytical tools 
confirmed that N-(2-aminophenol)-1-methyl-2-imidazole carboxaldeimine had been 
obtained from this synthetic process. 
The synthesis of the metal complexes using Cu(II), Pt(II), Pt(IV), V(IV), and Zn(II) was 
successful. The lack of sizeable crystal products meant that no x-ray crystallographic 
studies could be performed to confirm the theoretical structures of these metal 
complexes. Instead, IR spectroscopy was used to gives clues to the coordination of the 
ligand to the metal complex. For the Zn(II) complex, the shift in the imine peak from 
1634 cm-1 to 1625.7 cm-1 indicated that the metal atom is likely strongly coordinated 
through the imine nitrogen (Figure 23). Similarly, a disappearance in the broad OH bend 
at approximately 3000 cm-1 indicates that Zn atom is also strongly coordinated through 
the phenolic oxygen. IR data for the Cu(II), Pt(II), Pt(IV), and V (IV) complexes showed 
that the metals were not strongly coordinated through the imine nitrogen (Figure 14). 
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Elemental analysis data for the Cu(II) complex further confirmed that the proposed 
structures were not what was experimentally observed for the Cu(II) complex synthesis. 
While the carbon and hydrogen mass percent values fell within acceptable range (±5 %), 
the nitrogen and copper values diverged by -10.75% and -42.3 %, respectively, from the 
theoretical structure (Table 3). Attempts to deduce the structure from this data were 
unsuccessful. 
The initial hydrolysis studies of the Cu(II) complex and Pt(II) complex show that these 
metal complexes hydrolyzed the phosphodiester bond of BNPP and produced the 
phenolate ion. When studying the hydrolysis reactions of the metal complexes using 
buffer solution ofTRIS buffer and HEPES buffer, the nitrophenolate ion was not 
detected. The solutions were also heated for one hour, but no nitrophenolate ion could be 
detected. However, in many cases, the solutions turned yellow indicating the presence of 
the nitrophenolate ion. Thus, it is suspected that the hydrolysis reaction is taking place. 
There is the possibility that the mechanism for this reaction is not catalytic; the complex 
could break down during the mechanism or be prevented from reformed by failure of the 
phosphoester to dissociate. 
More research must be done in order to prove that the hydrolysis reaction is indeed 
occurring. Other research that would be helpful to this end would be more emphasis on 
the crystal growth of the metal complexes. More solvents should be tried in order to 
grow larger crystals for x-ray crystallography studies to deduce the actual structures of 
the metal complexes. Furthermore, the correct concentrations and ratios of BNPP to 
substrate should be determined. The intense peak at 285 nm by BNPP was a constant 
source of problem when taking UV -vis spectra. Perhaps a 1: 10 ratio of BNPP/substrate 
should be attempted. 
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